Objective of this work was to pyrolysis woody biomass. Experiments were carried out at 300 to 500 o C. Relatively bigger particles were used. Special emphasis was given to investigate the effects of heating rate and heating up time of the central mass of the particles on the product distribution. Surface temperature reached to the reactor set temperature immediately while the temperature at the central part was as low as 50 o C. The center temperature gradually increased to the final temperature within 3 to 8 minutes, depending on the wood types and the reactor set temperature. For ipil-ipil wood the heating rate of the central mass was much faster than krishnachura and koroi woods, and thus the heating up time was lower. Ipil-ipil wood was experienced higher yield (65%) even at lower reactor temperature 300 o C with particle temperature 450 o C. In the case of krishnachura and koroi woods, the bio-oil yields were lower under the same condition due to the heating rates of the central parts were much slower. Further researchon different biomasses may be necessary to demonstrate overall process.
Introduction
Energy is an integral part of a society and plays a pivotal role in its socio-economic development by raising the standard of living and the quality of life. The state of economic development of any region can be assessed from the pattern and consumption quality of its energy uses. Energy demand increases as the economy grows bringing along a change in the consumption pattern, which in turn varies with the source and availability of its energy, conversion loss and end use efficiency (Dodic© et al., 2010; Kanakraj et al., 2014) . Through the different stages of development, humankind has experimented with various sources of energy ranging from wood, coal, oil and petroleum to nuclear power McKendry, 2002) . Industrializations during the nineteenth century witnessed dependence on resources such as coal, oil, and gas (Grubler, 2012) .
Fossil fuel such as natural gas, petroleum and coal is the major source of energy now-a-days. Projections from the World Energy Council and others (Banik et al., 2015; Ghose, 2013) are that oil and gas should both be available through most of this century, and that the present coal production could be for more than 200 years (Bentley, 2002; Moriarty and Honnery, 2009 ). This limitation of fossil fuel sources is threatening to the energy depended future generation in one hand and the use of these huge amount of fuels within this short span of time is causing abnormal increase of CO 2 on the other hand that ultimately making the atmosphere unsuitable for human being (Awal, 2010; Song et al., 2002) . Therefore, many efforts and counter measurements have been attempted to reduce the emission of greenhouse gases, especially CO 2 , such as fuel switching although it may involve a structural change in the energy supply system, developing the technologies of improved efficiency of carbon fuels (Rao and Rubin, 2002; Yousuf et al., 2014) .
For the development of new technologies on the renewable and sustainable energy, for example solar, wind and/or tide energy has still many problems in the technology. These renewable energy sources are quite friendly to the environment (Asif and Muneer, 2007; Dincer, 2000) . However, the limited area of application, low production efficiency, high production cost and many other technological problems slow down the development of this energy field and will take prolong time to commercialize or even impossible to commercialize in developing countries (McNeil's et al., 2002) . Biomass,a potentially CO 2 -neutral, isabundantly produced in the forest and in agricultural field everywhere in the world and thus readily accessible (Sakaki and Yamada, 1997; Kaygusuz, 2002) . In terms of the cost, it is a least cost energy source and sometimes it has negative cost associated with its disposal in the rural area especially in the developing countries (McGowan, 1991; Kinoshita et al.,1997) . Thus the energy such as electricity and heat generation from biomass are considered the most lucrative opportunity for commercial exploitation and environmental protection, since the high value of electricity and heat (Van den Broek et al., 2000; Saleh et al., 2010) .
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The power generation efficiency from the biomass fuel is the most important factor for achieving the potential utilization of biomass (Imran et al., 2012; Rana et al., 2015) . Advanced conversion technologies such as pyrolysis (Ganesh and Banerjee, 2001 ) and gasification (Asadullah, 2014) can offer methods of power generation with higher efficiencies than combustion based steam cycles. In these processes biomass is first converted to liquid called bio-oil which is a mixture of about 200 types of organic compounds (Hasan et al., 2011; Hasan et al., 2010 ) (fast pyrolysis) or gaseous (gasification) fuels, which are then burned in the engines or gas turbines. The heat generated by this process is converted to power at a higher temperature than in the simple steam cycle giving the potential for thermodynamically more efficient process (Asadullah et al., 2004) . Different biomass conversion processes have different residence time and temperature of pyrolysis. These depend on the particle size and conversion temperature Sharma et al., 1998) . Smaller the particle higher the conversion efficiency but it has high cost to make it small particles. And thus for large scale production it is necessary to consider about cost and also the size of the particles.
Thus in this study the production of liquid fuel was considered by pyrolysis of biomass. Biomass in various forms is available in Bangladesh, however, woody biomass as a model for biomass was considered for bio-oil production by pyrolysis. In this study, the main aims were to (i) study the effects of heating rate and heating up time of the central mass of the particles on the product distribution, (ii) calculate the yield of bio-oil for different biomasses and (iii) comparative product distribution analysis of the different biomasses pyrolysis.
Materials and methods

Feedstock's preparation
The feedstock's considered in this study were three different types of woods such as ipil-ipil wood, krishnachura wood and koroi wood, which are cheap raw materials (Nessa et al., 2014) and abundantly available in Bangladesh.The raw materials (ipil-ipil, krishnachura and koroi wood particles) usually contain moisture more than 10 wt. % which usually causes difficulty to feed into the pyrolysis reactor. In addition, the high moisture content in the raw materials results in high water content in the bio-oil. To ensure the consistent feeding and optimized pyrolysis products, the feedstock's were dried to below 10 wt.% moisture content and particles made to about 3-4 cm length and 2-3cm wide in size. The properties as well as ultimate and proximate analyses of the biomass were carried out and summarized in Table I and II.. 
Characterization of woody biomass
The woody biomass was first characterized by measuring the particle size, density, moisture content, pH determining, heating value and by ultimate and proximate analyses. The ultimate analysis and proximate analysis of the woody biomass was carried out by many researchers as shown in Table  II (Kibria, 1994; Mwang'ingo, 2010; Suarez, 2000; Vargasa et al., 2011) .
Pyrolysis of woody biomasses
About 3-4 cm long biomass particles were fed batch wise into the reactor to measure the product distribution and heating rate of the central part of the biomass as the experimental setup shown in Fig. 1 . The biomass particles were drilled with a 1 mm diameter drill beet. Then a 1 mm diameter thermocouple was inserted through the hole. The thermocouple tip was kept at the center of the particle. Before inserting the thermocouple into the biomass particle, it was inserted through a heat proof rubber cork. When the biomass particle was fed along with the thermocouple just at the center of the reactor, the heat proof rubber cork was blocked the reactor inlet as it was adjusted exactly the same distance before heating up the reactor. The reactor is made of mild steel with a height of 42 cm and a diameter of 4.5 cm. In both of the experiments, the biomass particles were heated with heater. The reactor was heated to the desired temperature before starting the feeding of biomass. Nitrogen gas flow of 450 mL/min was usually used for avoiding any combustion reactions in the reactor during the feeding of biomass. The flow of nitrogen replaces the air from the reactor and permits the pyrolysis reaction under anaerobic condition. The vapor produced in the reactor was passed through a series of ice cooled condenser where it was condensed as bio-oil. To avoid any loss of liquid collection in order to accurately measure the liquid yield, the condenser was weighed before and after the condensation of bio-oil vapor. The weight of bio-oil was accounted from the difference of the weights. The char was collected after cooling down the reactor and weighed. The yield of gas was measured from the difference of the weights of biomass fed and the total weight of liquid and solid char. The temperature of the reactor was displayed by temperature monitors through thermocouple. The process was carried out under atmospheric pressure
Bio-oil characterization
Bio-oil is usually a dark brown viscous liquid. It was characterized by measuring the pH, density, water content, solid content, pyro lytic lignin content, acid value etc. The density was measured with a density measurement bottle. Viscosity of the bio-oil is the measure of its internal friction which resists the flow of the fluid. Water content in the biooil was measured by Karl-Fischer titrimetric method. The pH was measured with a digital pH meter (Hanna Model-HI 8424). The solid content in the pyrolysis oil was measured as ethanol insoluble portion. The lignin portion was measured as water insoluble fraction by using phase separation. The acid value of the bio-oil was determined by direct titration with standard potassium hydroxide solution. Ash content was calculated by burning the bio-oil with supplying excess air in a muffle furnace. 
Results and discussion
Biomass is abundantly available in Bangladesh in different forms such as agricultural residues, forestry bi-products, industrial wastes and municipal wastes. The sources of biomasses for this study are cultivated at different places in Bangladesh which includes ipil-ipil tree, koroi tree and krishnachura tree. The local name and scientific nameof these trees are listed in Table III (Kibria, 1994; Mwang'ingo, 2010; Suarez, 2000; Vargasa et al., 2011) . Characteristics data of those woody biomasses are given in the Tables I-II .
Pyrolysis of woody biomasses
Here the pyrolysis of woody biomasses was performed in a reactor as designed in a laboratory scale reactor. The woody biomass of the size 2-3 cm diameter and 3-4 cm length including thermocouple was fed into the reactor. The nitrogen gas was passed through the bottom of the reactor. The furnace temperature was controlled by a temperature controller. The reactor was heated to a desired temperature before feeding biomass. After inserting the piece of biomass with thermocouple, the particle heating rate was counted on temperature controller screen. The data was recorded roughly every after two second. The surface of the biomass was immediately exposed to the set temperature while the temperature at the center was gradually increased. The pyrolysis vapors were condensed and collected by two condensers prepared locally. Two condensers were set in an ice cold bath where the inlet of the vapors was connected to the one end and the outlet of the non-condensable gases was connected to the other end which was set at the ventilation of the laboratory. The non-condensable gas is exposed into the air. Table IV represents the effect of temperature on the bio-oil yield from ipil-ipil wood. The yield of bio-oil is the maximum at 300 °C reactor set temperature and it decreased with increasing temperature. The duration of complete pyrolysis of total mass was also decreased with increasing temperature. When biomass was fed even at 300 °C, the pyrolysis was started and substantial amount of bio-oil was produced as shown in Table IV . The pyrolysis started from the surface and gradually moved towards the center of the particle. Therefore, the complete pyrolysis of the particle depends on three factors: 1. the particle diameter, 2. temperature gradient, and 3. thermal conductivity of the particle. After feeding, the surface component immediately got the reactor temperature and suddenly decomposed to the volatile matter. If the particle size is small enough (mm range), the location of the pyrolysis temperature zone in the particle would immediately arrive in the center part and take less time to be completely pyrolyzed. However, we have used comparatively very big size of the particle (3-4 cm length and 2-3 cm diameter) where a far distance for pyrolysis temperature zone in the particle to travel. Furthermore, since the woody materials are less thermal conductive, the heat transfer rate to the center part is substantially low. This gives rise to the slow heating of the center mass and takes longer time to be completely pyrolyzed as is shown in Table IV . Heat transfer rate also depends on the temperature gradient, the higher the gradient the higher the heat transfer rate. The higher set temperature to the reactor resulted in higher gradient of temperature from the surface to the center which inevitably promoted the heat flow rate and decreased the total duration of complete pyrolysis of total mass. It is to mention that the primary pyrolysis at just the decomposition temperature is endothermic; however, the secondary pyrolysis at higher temperatures than decomposition temperature is exothermic. In the case of bigger particles of biomass, the heat generated by exothermic reaction was completely added to the inward transferred heat, so as to increase the actual temperature of the central part of the particle. It seems that the final pyrolysis proceeded at the central part was at higher temperature than that of the reactor set temperature. The higher temperature facilitates more preferably to form gas, and thus the bio-oil yield at higher temperature is lower (Table IV) . On the other hand, the lower temperature facilities more preferably to form solid char. At lower temperature, when cellulosic compounds decompose the re-polymerization and cross linking reactions are predominantly preceded which led to the formation of solid char. Table V and VI represent the effect of temperature on the bio-oil yields from krisnachura and koroi wood biomasses, respectively. The pyrolysis rate also depends on the characteristics of wood. The soft wood is usually decomposed faster than that of the hard wood. The krisnachura wood is much harder than ipil-ipil wood and the koroi is the hardest one among them as from carpenter's experience. Therefore, the pyrolysis rate of ipil-ipil wood would be much faster than others and it was reflected in the highest bio-oil yield at the lowest temperature (300 o C) for ipil-ipil wood. The maximum yield of bio-oil (66%) was achieved at 400 o C for krisnachura wood. The pyrolysis of the hardest wood (koroi) was very slow and the bio-oil yield was very low and it was less than 50% in all temperatures.
Effect of reactor temperature on bio-oil yield from three different woods
Effect of heating up rate of central mass on the product distribution
Tables VII, VIII and IX exhibit the yield of solid, liquid and gas as a function of heating rate of the central part of the biomass particles. Fig. 2 to Fig. 7 show the relationship of heat ing up time and final temperature at the central mass with the reactor set temperature. For the ipil-ipil wood (Table VII) , the heating rate of the central mass varied from 48 o C/min to 176 o C/min depending on the reactor set temperatures. With the higher heating rate at the center part of the biomass, biooil and solid char yields are decreased while the gas yield increased. Higher the reactor set temperature, higher is the temperature difference, which leads to the faster heat transfer rate from the surface to the center. Faster heating of cellulosic biomass predominantly leads to the gas formation rather than the formation of organic molecules which ultimately goes to the bio-oil. This is the main reason of higher gas yield and lower bio-oil yield at higher temperature. Furthermore, the faster heating rate prevents the polymeriza- tion and cross linking reactions among the organic molecules produced from the decomposition of biomass. This supports the decreasing trends of solid char yields with increasing heating rate.
The heating rate of the central mass of krisnachura and koroi wood is significantly different from that of the ipil-ipil wood. Although the reason is not clear it may be due to the compositional difference of the woods. The heating rate of the ipilipil wood is much faster than other two at the higher temperature levels. We have also obtained the higher yield of biooil for ipil-ipil wood. These results indicate that the ipil-ipil wood underwent in much faster pyrolysis. Furthermore, it is evident that the pyrolysis of woody biomass at above decomposition temperature (300 -400°C) is exothermic. Therefore, the heat released from the pyrolysis reaction along with the heat transferred from the surface heated up the central mass much faster than other two. Due to the faster heating rate, the gas yield is higher for ipil-ipil wood at the higher temperature range. In the case of krisnachura and koroi woods, the pyrolysis rate is slow, and thus the exothermic heat releasing rate is also slow which resulted in overall slow heating rate at the central mass. This slow heating rate reflected to the higher char yield and lower gas yields for this two woods.
Figs. 2 to 4 show the relationship between the heating rate and the product distribution. Fig. 2 clearly indicates the faster decrease of the yields of liquid and solid while the faster increase of the gas yield from ipil-ipil wood. However, as shown in Fig. 4 , the decreasing trend of liquid and solid is comparatively very slow from koroi wood. In other word, the increasing trend of gas yield is slow from this wood.
Figs. 5 to 7 represent the final temperature of the central mass and the duration of the volatile release as a function of the reactor temperature. When the particle was thrown Fig. 3 . Relationship between heating up rate of central part and yields of solid, liquid and gas from krishnachura wood. into the reactor along with the thermocouple embedded inside the biomass particle (3-4 cm long with 2-3 cm diameter), the center temperature just started to increase while the surface temperature reached to the reactor temperature. The center temperature gradually increased and the pyrolysis started when it reached to 250-260°C. Initially, the pyrolysis reaction was endothermic; however it turned to the exothermic when it reached at around 400°C and immediately reached to the final temperature. This is because the heat transferred from the surface and the heat released from there action. As Fig. 5 shows, the heating up time is very short at higher temperature range for ipil-ipil wood indicates the faster decomposition of the solid to liquid vapor and also the organic molecules to gas as discussed earlier which led to the higher gas yield at a cost of liquid yield as discussed earlier.
As Figs. 6 and 7 show, to reach the final temperature at the center takes longer time for krisnachura and koroi woods. In the pyrolysis reaction, if the particle heating rate is slow, the condition more likely facilitates the recombination of the molecules to form solids rather than the formation of the liquid vapor. This is the reason of higher char yield for krisnachura and koroi woods as discussed earlier.
Conclusion
The experiments were carried out at different temperatures ranging from 300 to 500 °C reactor temperature. Relatively bigger particle of the wood (3-4 cm -lengthand 2-3 cm diameter), real size for pyrolysis, was used. Special emphasis was given to investigate the effects of heating rate and heating up time of the central mass of the particles on the product distribution. In each experiment, the temperature at the central part was low at the initial stage of pyrolysis while the surface temperature reached to the reactor set temperature immediately. The center temperature gradually increased and reached to the final temperature in 3 to 8 minutes, depending on the wood type and the reactor set temperature. The heating rate and heating up time of the central mass greatly affected the product distribution. For ipil-ipil wood the heating rate of the central mass was much faster than krisnachura and koroi woods, and thus the heating up time was lower. This was resulted in the higher yield (65%) of bio-oil even at lower reactor temperature (300 °C, particle temperature 450 °C) from ipil-ipil wood. In the case of krisnachura and koroi woods, the bio-oil yields were lower under the same condition. This was because the heating rates of the central parts were much slower. Further research especially for different biomasses need to carry out to merge with the biomass conversion technologies. 
